SUMMARY. Skin grafts regain their sensory innervation from the graft bed by the regeneration of nerve endings. Although some clinical studies report sensory recovery in skin grafts implanted on free muscle flaps, the mechanism of recovery is obscure. The purpose of this study was to investigate nerve regeneration in experimental skin grafts on free muscle flaps to elucidate this phenomenon.
Introduction
Many studies have shown that skin grafts regain their sensory innervation by the regeneration of nerve endings from the graft bed and also from the edges of the defect.~ 4 Therefore a skin graft needs an innervated bed to regain innervation. When dealing with complicated tissue defects which cannot be covered by simple skin grafting, free muscle flaps are frequently used. A free muscle flap provides a vascular bed for a skin graft to take and when used together they offer several advantages. A free muscle flap and skin graft combination is favoured for reconstruction of various anatomic regions including weight-bearing areas, particularly because of its durability. 5 7 A free muscle flap is a completely denervated tissue at the time of the transfer and significant innervation of a skin graft over a free muscle flap cannot be expected under normal conditions. However, sensory recovery in the skin grafts has been reported when placed on free muscle flaps if the motor nerve of the muscle was coapted to a regional sensory nerve at the recipient site; this technique is recommended in order to obtain sensation in skin grafts. ~,9 This phenomenon needs to be studied with an objective experimental design because there have been previous unsatisfactory reports on the innervation of free flaps. 10 The purpose of this study was to investigate the reinnervation of experimental skin grafts over neurotised or non-neurotised free muscle flaps.
Materials and methods
Thirty-eight male Sprague-Dawley rats, weighing 450-550 g were included in the study. Rats subsequently lost during the experiment or found unsuitable for a standard free gracilis flap because of anatomical variations in the pedicle 11 were replaced to maintain the number. Intraperitoneal pentobarbital (60 mg/kg) was the anaesthetic choice. Both groin areas and the abdomen were shaved with electrical clippers and the abdominal midline was further shaved with a razor to remove the hair at this site. A portion of skin 3 x 2 cm was removed from the abdominal midline and prepared as a full-thickness skin graft by removing the subcutaneous layer including the panniculus carnosus by sharp dissection.
The gracilis muscle flap raised on its vessels in continuity with the femoral Vessels was the free muscle flap model, lz,13 The motor nerve of the gracilis muscle arising from the anterior division of the obturator nerve was dissected from under the adductor longus and pectineus muscles and transected a few millimetres proximal to the gracilis (Fig. 1) .
Four study groups were formed after harvesting the skin grafts. In the first three groups skin grafts were placed on the free gracilis muscle flaps and in the fourth group they were placed directly on the medial hindlimb musculature. Free gracilis muscle flaps were dissected and transferred from one groin region to the other using microvascular anastomoses to the femoral artery and vein of the recipient site using 10-0 Ethilon sutures (Ethicon Inc.) (Fig. 2) and skin grafts were placed on the free flaps and stabilised with 8-0 nylon sutures (Fig.  3) . The experimental groups were as follows:
Group I (n = 10): Gracilis muscle free flap + skin graft without nerve anastomosis; Group II (n = 10): Gracilis muscle free flap + skin graft with anastomosis of the muscle's motor nerve to the proximal saphenous nerve, which is reported to be purely sensory; ~4,~5 Group Ill (n = 10): Gracilis muscle free flap + skin graft with anastomosis of the muscle's motor nerve to the motor nerve of gracilis muscle at the recipient site. All nerve anastomoses were performed with four epineural stitches of 11 0 nylon (Fig. 2) . Group IV (n = 8): The skin grafts were placed directly on the fascia layer over the medial hindlimb muscles (Fig. 4) .
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All incisions were closed primarily over the free flaps and skin grafts (Fig. 5 ) as previously described in the temporary inlay method to protect the grafts in experimental animals. 16 In the third week, after the initial healing period, all rats were re-explored through their previous incisions under general anaesthesia and the skin grafts were exposed for the rest of the study (Fig. 6 ). Skin staplers and protective rat v e s t s 17 were used to protect the suture lines against autocannibalisation.
All animals were sacrificed at the end of 12 weeks and the specimens (muscle flap + skin graft) were harvested for histological examination. Fresh tissue was cut into two pieces longitudinally, both included the skin graft and muscle flap layers. Samples were divided as follows: one half was fixed in 10% formalin and paraffin embedded and one half was snap frozen at -70~ for further study if needed. Following this, the tissue was dehydrated through graded alcohol and embedded longitudinally with the graft side on edge.
Histological examination was performed to visualise nerve regeneration. Each block was sectioned for routine H&E, myelin sheath Luxol Fast Blue (Solvent Blue 38, Sigma, St Louis, MO, USA) and immunohistochemistry (IHC): S100 and anti-tyrosine hydroxylase. By using the Ventana Automated IHC stainer (Ventana Medical Systems Inc. Tucson, AZ, USA) the protocol for each antibody was programmed within the instrument and solutions were dispersed accordingly: the chamber was warmed to 41.0~ slides were then put through a regimen of many rinses in between the following reagents per each of the protocols for the given antibody along with the DAB (3,3-diaminobenzidine tetrahydrochloride) Detection Kit which includes inhibitor, biotynilated IgG, avidin-HRPO, DAB, DAB H202 and copper. A total of five slides were prepared, including a negative slide for complete study.
Histological examination was specifically focused on the pilosebaceous structures (Fig. 7A,B) , which have already been shown to receive direct reinnervation in skin grafts. 4 S 100 and anti-tyrosine hydroxylase slides were examined together for correlation in staining of the specific structures. The specimens were scored according to the staining of the neural structures around the pilosebaceous units and the determination of the adrenergic activity as follows: 0 = No staining in any part of the skin grafts. 1 = Limited staining only at the edges of the skin grafts. 2 = Some of the pilosebaceous structures at the central parts of the grafts received IHC staining. 3 = Almost all pilosebaceous structures in all parts of the skin grafts showed typical staining, and functional nerves could be traced in the specimens. Figure 6 --(A, B) In the third week, after the initial healing period, skin grafts were exposed for the rest of the study. The scores in the groups were recorded and statistical comparisons of the recorded data were performed by using paired t-test. A value of P < 0.05 was considered significant.
Results
All free muscle flaps and the overlying skin grafts were viable when explored at the third week. After exposing the skin grafts, two grafts from G r o u p I and G r o u p II and one graft from G r o u p III and G r o u p IV had minor ulceration involving less than one quarter of the total graft area. Only one skin graft from G r o u p I had a large ulceration of more than 50% of the total graft area and it was excluded from the study. There was no marked difference between the gross appearance of the skin grafts of all groups in terms of colour, texture and hair growth. Conventional haematoxylin and eosin stain revealed the evidence of viable muscle flap and skin grafts, which was correlated fully with the gross inspection findings.
N o n e of the pilosebaceous structures in the central parts o f the skin grafts stained with I H C methods in G r o u p I. There was only a limited adrenergic activity at the edges of four specimens in this group. In contrast, seven specimens in both G r o u p II and G r o u p III demonstrated a marked adrenergic activity in the central parts o f the skin grafts (Table 1) . There was typical basketshaped staining at the base o f the pilosebaceous structures (Fig. 8A,B ) and in some of the specimens functional nerve twigs could be traced from the muscle layer to the overlying skin graft (Fig.  9A,B ). There were statistically significant differences between the categorical scoring of Group I and Group II (P < 0.05), Group I and Group III (P < 0.001) and Group I and Group IV (P < 0.05). There was no difference between Groups II and III (P > 0.05). Interestingly, in Group IV, the non-microsurgical controls, adrenergic activity was not as strong as in Group II and Group III, although not statistically significant (P > 0.05). Although there was adrenergic activity in the central parts of the skin grafts of two specimens, it was limited to the edges in the remaining SIX specimens.
Luxol Fast Blue technique did not give any meaningful data since no myelinated fibres could be detected in the skin grafts and there was no significant difference between any of the groups.
Discussion
Innervation of skin grafts has been investigated in many studies~,18 2o and regional nerves were found to enter the base and sides of the grafts. It was also noted that cutaneous nerves are well able to regenerate into skin grafts if the grafts were placed on a sufficiently innervated graft bed. These nerves specifically reinnervate the pilosebaceous structures. It was also suggested that these structures have guided the growing nerve fibres to them by means of chemotactic attraction. 4,2~ S100 protein is an acidic, dimeric calcium binding protein (MW 21 000) present in the nucleus and cytoplasm of glial and Schwann cells. 21 Tyrosine hydroxylase is a specific marker of catecholaminergic neurons, which are known to be involved in autonomic control and also demonstrated to exist in neurosecretory cells, sensory neurons and motor neurons. 22,23 By anti-tyrosine hydroxylase immunohistochemistry, immunoblotting of tyrosine hydroxylase protein revealed the function of the nerves. Therefore this study was undertaken to demonstrate the neural structures and to determine, by means of immunohistochemical techniques, whether catecholamines of the nerves are present in skin grafts over free muscle flaps.
Microsurgical flap reconstruction of soft tissue injuries has become popular in the last two decades and free muscle transplants are widely used either to fill defects, to restore contours or to provide voluntarily contractile units for active movement. Probably the most frequent indication is soft tissue coverage of critical wounds; in this they have several advantages. The usual preference for cover of a muscle flap is a skin graft; this eliminates the excess bulk of a musculocutaneous unit and also provides a non-mobile soft tissue over weight-bearing areasY 4,25 However, a free muscle flap is a completely denervated tissue at the time of transfer and satisfactory innervation of the overlying skin graft appears to be an unexpected phenomenon. Several studies have suggested that a recovery of crude sensation probably occurs in these circumstances, possibly due to ingrowth of sensory nerves from the recipient wound bed into the free tissue transfer. This view was refuted in a study in which punch biopsies from non-neurotised free muscle transfers were examined. These transplants developed minimal reinnervation from the surrounding tissue approximately 2 years after the surgeryY The nonneurotised free transfers in the present study also failed to demonstrate any adrenergic activity in the central parts of the skin grafts but a very limited innervation at the edges was noted. The limited innervation may be due to the scar tissue at the edges, which has been demonstrated to hamper nerve regeneration into the skin graft 27 and to prevent a dense network reaching the central parts of the skin graft in the long term. This finding confirms the importance of the graft bed as the main source of nerves regenerating into the skin graft.
The regeneration of autonomic fibres along the arterial pedicle and into a free flap has also been demonstrated as another source of nerve regeneration. 28 We did not find any innervated structures in the central parts of the skin grafts in the non-neurotised muscle transfer group. Although it may be a slower process in functional reinnervation of skin grafts, no measurable sensory capacity has been demonstrated in subsequent studies] ~ It does not seem likely that functionally useful recovery of sensation occurs in non-neurotised free tissue transfers even in the long term.
Coaptation of the muscle's motor nerve to a motor or a sensory nerve at the recipient site, depending on the priorities of the reconstruction, are the reinnervation techniques of choice in clinical practice. It has been noted that free muscle flaps with sensory to motor coaptation may develop sensibility. 8,9,3~ In the present study, skin grafts over reinnervated muscle flaps developed significantly better innervation than the non-innervated group. In mammals, up to twothirds of a motor nerve is composed of afferent sensory axons. Approximately two-thirds of these sensory axons are small unmyelinated fibres that terminate as free endings in connective tissue surrounding extrafusal and intrafusal muscle fibres. These free endings probably function as nociceptors that can identify pain and deep pressure. In this respect they resemble the unmyelinated nociceptors that innervate the skin and subcutaneous tissues, both histologically and functionally. The remaining sensory fibres in motor nerves are large and small myelinated afferents that innervate stretch receptors. These receptors include the muscle spindle cell, tendon organ receptors, Pacinian corpuscles and paciniform corpuscles. Muscle undergoes sensory reinnervation after repair of a motor nerve 3~ 32 and this provides an innervated graft bed for subsequent nerve growth into the overlying skin graft.
It has also been noted that afferents from the muscle spindle normally transmit their stimuli to a subconscious level in the central nervous system. Coaptation of a motor nerve from a free muscle flap to a local cutaneous nerve conducts these impulses to an area of the cortex which may be capable of interpreting them as a familiar sensory experience. 33 In this reinnervation phenomenon the thickness of the skin graft may have a special importance. Fullthickness skin grafts, which were used in the present study, contain the target structures such as hair follicles, erector pili muscles and sweat glands and reasonable autonomic innervation was noted. In most specimens of the neurotised transfers, nerve twigs extending from the muscle layer to the pilosebaceous structures of the skin graft were clearly identified suggesting the importance of muscle neurotisation in the subsequent skin graft reinnervation. However, in clinical practice the general preference is to use split thickness skin grafts, which mostly lack these structures, for the coverage of free muscle flaps. Thus, the reinnervation pattern in split thickness skin grafts needs to be investigated in further studies. Moreover; it is not possible to speculate on the extent of eventual sensation even in full thickness grafts. A major problem in the interpretation of morphologic findings of reinnervation is that they do not usually correlate with quantitative evidence of functional sensory recovery, 34 which is invariably crude in clinical skin grafts. This may be due to the fact that the skin graft is reinnervated primarily by unmyelinated fibres which transmit the perception of gross touch sensation, pain and temperature. The more sophisticated finer sensations such as light touch, vibration and two-point discrimination are transmitted only by heavily myelinated fibres and specialised sensory receptors 35 which could not be found in any of our specimens. Therefore, the activity in the skin appendages in the present study, which indicates the regeneration of nerves in a skin graft, may only imply a gross sensation but no more than this in any of the study groups.
An unexpected finding in the present study was the superior innervation pattern of skin grafts over neurotised muscle flaps as compared to skin grafts which were placed directly over the medial thigh musculature. In the histological examination of the non-microsurgical group specimens, some of the pilosebaceous structures in the central parts of the skin grafts received innervation from the base but this was not generalised as in many of the specimens of the neurotised microsurgical groups. Although the difference between the histological scoring of these groups was not statistically significant, this difference might be due to the anatomic features of the rat. Thigh musculature is covered externally by a filmy fascia composed of loose areolar tissue. This fascial layer might form an interface between the underlying muscles and the skin graft, forming a barrier to the ingrowth of the nerves in some areas. On the contrary, the posterior face of the muscles transferred to the opposite thigh were turned up to prevent crisscrossing of the pedicle vessels after the anastomoses. Thus, the skin grafts were placed on the posterior face of the muscles eliminating the external fascial layer between the muscle and the skin graft in the microsurgical groups. This may be a clue to the importance of direct contact between muscle and skin graft in achieving better reinnervation in a skin graft over a neurotised free muscle transfer. Further studies are needed to clarify this hypothesis.
